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UDP-glucuronosyltransferases (UGT) catalyze the
conjugation of lipophilic exobiotic and endobiotic com-
pounds, which leads to the excretion of hydrophilic glu-
curonides via bile or urine. By a mechanism of exon
sharing, the transcripts of individual first exon cas-
settes located at the 5* end of the human UGT1A locus
are spliced to exons 2–5, leading to the expression of at
least nine individual UGT genes. Recently, the tissue-
specific expression of the UGT1A locus has been demon-
strated in extrahepatic tissue, leading to the identifica-
tion of UGT1A7 and UGT1A10 mRNA (Strassburg, C. P.,
Oldhafer, K., Manns, M. P., and Tukey, R. H. (1997) Mol.
Pharmacol. 52, 212). However, UGT1A expression has
not been defined in human colon, which is a metaboli-
cally active, external surface organ and a common route
of drug administration. UGT1A expression was analyzed
in 5 colonic, 16 hepatic, 4 biliary, and 13 gastric human
tissue specimens by quantitative duplex reverse tran-
scription-polymerase chain reaction and Western blot
analysis, demonstrating lower UGT1A mRNA in the ex-
trahepatic tissues. The precise analysis of unique
UGT1A transcripts by exon 1-specific duplex reverse
transcription-polymerase chain reaction revealed the
expression of UGT1A1, UGT1A3, UGT1A4, UGT1A6, and
UGT1A9 in the colon, which are also present in human
liver. In addition, the expression of extrahepatic
UGT1A10 and UGT1A8 was demonstrated. UGT1A8 was
found to be closely related to gastric UGT1A7 with a
93.8% identity of first exon sequences. Expressed
UGT1A7 and UGT1A10 protein showed unique catalytic
activity profiles, while UGT1A8 was not active with the
substrates tested. The ability of UGT1A10 to glucu-
ronidate estrone represents only the second example of
a human estrone UGT. The highly related human
UGT1A7–1A10 cluster is expressed in a tissue-specific
fashion and underlines the role and diversity of physio-
logical glucuronidation at the distal end of the digestive
tract.

Glucuronidation represents an important process of metab-

olism capable of transforming lipophilic substrates into hydro-
philic glucuronides, a process which facilitates their subse-
quent elimination via urine, bile, and feces (1). In humans,
UDP-glucuronosyltransferases (UGTs)1 are a key element of
conjugation reactions and catalyze the detoxification of a broad
array of substrates ranging from bile acids, dietary amines and
flavones, phenols, steroids, and the endogenous metabolic prod-
uct bilirubin (2–7). The UGT1A locus2 is located on chromo-
some 2 and potentially encodes nine functional isoforms and
three pseudogenes. UGT1A proteins are generated by a strat-
egy of exon sharing (8, 9). Based upon characterization of the
UGT1A locus, the 39-donor splice site of the first exons at the 59
end of the locus are spliced to the acceptor splice site of exon 2,
thereby combining unique first exons with the constant exons
2–5 at the 39 end of the locus. The presence of TATA-like
elements approximately 30 bp upstream of the exon 1 se-
quences indicates that individual transcriptional regulation
may occur with each UGT1A gene (8).

Human UGT1A proteins are implicated in the pathophysiol-
ogy of several disorders. Genetic abnormalities leading to
down-regulation or loss of UGT1A function can result in rela-
tively harmless conditions such as Gilbert’s or Crigler-Najjar
type II disease, but can also constitute a fatal metabolic error
present in Crigler-Najjar type I disease (10–13). Additionally,
UGT1A proteins have been identified as hepatocellular autoan-
tigens in autoimmune hepatitis type 2 and chronic viral hepa-
titis D (14, 15), and have been implicated in human carcino-
genesis (16). In light of their role in human physiology, hepatic
UGT1A proteins have been studied in detail leading to the
identification and cloning of UGT1A1, UGT1A3, UGT1A4,
UGT1A6, and UGT1A9 from liver tissue (6, 7, 17, 18). However,
to understand the complex contribution of the UGT1A locus to
human xenobiotic and endobiotic metabolism, their regulation
in tissues outside the liver, such as the gastrointestinal tract, is
required. Recently, the investigation of UGT1A expression in
biliary and gastric epithelium has confirmed an individual
expression of UGT1A proteins in a tissue specific fashion. This
has led to the identification and cloning of the extrahepatic
UGT1A7 and UGT1A10 (16, 19). UGT1A7 and UGT1A10 be-
long to the UGT1A7–10 cluster of UGT1A genes that share
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sequence similarities of approximately 90%. Although UGT1A8
expression has not been identified to date, the expression of
UGT1A7 and UGT1A10 in extrahepatic tissues and their ab-
sence from hepatic tissue suggests that this subset of UGT1A
genes may have evolved to accommodate nonhepatic glucu-
ronidation requirements of the body. To provide evidence for
the role of this cluster of highly related UGT1As in the extra-
hepatic digestive tract, it was necessary to specifically charac-
terize their tissue distribution.

In this study, UGT1A gene expression levels and isoform
profiles of liver and the three extrahepatic gastrointestinal
tissues, biliary, gastric, and colonic epithelium, were compared.
Expression of the UGT1A locus in human colon has not been
examined previously. The present study analyzed UGT1A
mRNA and protein to address the question of whether colon
tissue expresses a specific set of UGT1A proteins. The human
colon is in prolonged contact with digested matter and is a
common route of medical drug application. We have previously
examined the expression of the UGT1A locus in liver and
biliary epithelium, and expand on this analysis by comparing
expression in colonic epithelium. Evidence is provided for a
tissue specific gene expression of the UGT1A locus in colon,
with the characterization of a novel extrahepatic UGT1A8
protein.

MATERIALS AND METHODS

Hepatic and Extrahepatic Tissue Samples

Liver tissue samples were obtained from 16 patients undergoing
hemihepatectomy or liver transplantation for hepatocellular carcinoma,
and biliary epithelium was obtained from four healthy gallbladder
specimens as reported previously (19). Gastric tissue was obtained from
13 patients undergoing three fourths gastrectomy for gastric carci-
noma, and colonic tissue was collected from five surgical specimens
removed during hemicolectomy for adenocarcinoma. All surgical speci-
mens were obtained from the University of Hannover Medical Center,
Hannover, Germany. Only healthy tissue that did not display signs of
necrosis or any pathoanatomical abnormalities was included. All sam-
ples were immediately snap frozen in liquid nitrogen and continuously
stored at 280 °C until analysis.

RNA Isolation

Approximately 200 mg of frozen tissue were pulverized in a mortar
filled with liquid nitrogen. Tissue powder was immediately lysed in
acidic phenol/guanidinium isothiocyanate solution (Tripure, Boeh-
ringer Mannheim, Germany), and RNA was extracted as reported pre-
viously (19). Concentrations were measured by optical density at 260
and 280 nm, and RNA samples were stored in water at 280 °C until
further use.

cDNA Synthesis and Documentation of DNA Free RNA

Three mg of total RNA were denatured for 10 min at 70 °C in the
presence of 0.5 mg of oligo(dT) primer and placed on ice. The reaction
conditions were adjusted to 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5
mM MgCl2, 10 mM dithiothreitol, 0.5 mM of each dNTP in a total volume
of 19 ml, which was incubated at 42 °C for 5 min. Synthesis was started
by adding 200 units of reverse transcriptase (Superscript II, Life Sci-
ences, Inc.). The final volume of 20 ml was incubated at 42 °C for 50 min,
at 70 °C for 15 min, and placed on ice.

RT-PCR was used to exclude contamination of RNA with DNA.
Amplification of human b-actin with the primers 59-ggcggcaccaccatg-
taccct-39 and 59-aggggccggactcgtcatact-39 (20) spanning the exon 4/in-
tron 5/exon 5 junction of human b-actin leads to a 202-bp product when
a cDNA template is present, but results in a 312-bp product when a
genomic DNA template is present. Both products can be clearly distin-
guished by 2% agarose electrophoresis. All cDNAs used displayed a
202-bp product and were thus free of contaminating genomic DNA.

Duplex Reverse Transcription Polymerase
Chain Reaction (DRT-PCR)

All UGT1A Transcripts—The presence of UGT1A transcripts in total
tissue RNA was detected by the amplification of a 487-bp fragment from
the conserved UGT1A exons 2–5 using DRT-PCR as previously reported
in detail (19). In brief, amplification with UGT1A primers at concen-

trations of 2 mM each was first carried out for six cycles using a Perkin-
Elmer 480 Thermocycler (all PCR reactions). After the addition of
b-actin primers to a concentration of 0.4 mM, cycling was continued for
a total of 32 cycles at 94 °C for 1 min, 59 °C for 1 min, and 72 °C for 1
min. PCR was preceded by a hot start of 3 min at 94 °C and followed by
a 7-min elongation at 72 °C. DRT-PCR products were separated in a 2%
agarose gel stained with ethidium bromide. Polaroid (Cambridge, MA)
type 665 positive/negative film was used to quantify bands by laser
densitometry on a LKB 2222–020 UltroScan XL densitometer (LKB,
Bromma, Sweden). Arbitrary units were calculated relative to b-actin
products. Independent and combined linear kinetics for both products
were established as described previously (16, 19). Statistical analysis
was performed using Student’s t test.

Exon 1-specific DRT-PCR—The UGT1A locus predicts the existence
of nine proteins termed UGT1A1 and UGT1A3–1A10. UGT1A2,
UGT1A11 and UGT1A12 lack an uninterrupted open reading frame
and have therefore been identified to be pseudogenes (8). DRT-PCR
detection of all nine UGT1A transcripts predicted by the human
UGT1A locus was performed using nine exon 1-specific sense primers
and two antisense primers located within exons 2–5 or within a common
portion of the 39 end of the first exons (19). Primer sequences can also
be obtained at http://www.molpharm.org/cqi/content/full/52/2/212. As
already reported elsewhere (19), exon-specific primers were generated
which lead to RT-PCR products of distinct molecular sizes: UGT1A1,
644 bp; UGT1A3, 483 bp; UGT1A4, 572 bp; UGT1A5, 659 bp; UGT1A6,
562 bp; UGT1A7, 754 bp; UGT1A8, 514 bp; UGT1A9, 392 bp; and
UGT1A10, 478 bp. Coamplification of the UGT1A first exon and b-actin
sequences was performed using three cycling protocols, UGT1A1 and
UGT1A6, 94 °C (1 min), 59 °C (1 min), 72 °C (1 min); UGT1A3,
UGT1A4, UGT1A5, 94 °C (1 min), 56 °C (1 min), 72 °C (1 min); and
UGT1A7, UGT1A8, UGT1A9, UGT1A10, 94 °C (1 min), 64 °C (1 min),
72 °C (1 min). Each protocol was preceded by a 3-min incubation of the
reaction mixture at 94 °C and followed by a 7-min elongation at 72 °C.
The specificity and kinetics of this assay have previously been docu-
mented in detail (16, 19). Experiments were performed in duplicate,
and controls without cDNA, primers, or thermophilic polymerase were
included. Quantification of products by laser densitometry was per-
formed as described above.

Isolation of Microsomal Protein from Hepatic
and Extrahepatic Gastrointestinal Tissue

Liver, gastric, gall bladder, and colonic tissue samples of approxi-
mately 150 mg were pulverized under liquid nitrogen, resuspended in 1
ml of buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgCl2) and homogenized
with a Potter-Elvehjem tissue grinder. The tissue homogenate was
centrifuged at 10,000 3 g for 5 min at 4 °C, and the supernatant was
collected. The pellet was resuspended in 0.5 ml of buffer and centri-
fuged, and the supernatant was collected. The combined supernatants
were centrifuged at 150,000 3 g for 60 min at 4 °C, and the pellet was
resuspended in 0.2 mL of buffer. Protein concentration was determined
by the method of Bradford (21). Microsomal protein was stored at
280 °C.

Western Blot Analysis

Microsomal protein from human liver, gastric, biliary, and colonic
epithelium was boiled for 90 s in loading buffer (2% sodium dodecyl
sulfate, 62.5 mmol/liter Tris-HCl, pH 6.8, 10% glycerol, and 0.001%
bromphenol blue) with b-mercaptoethanol and resolved by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis prior to electrotrans-
fer onto a nitrocellulose membrane. Also included was a 20-mg sample
of total Spodoptera frugiperda (Sf9) cell lysate expressing recombinant
UGT1A1 protein (15). Immunodetection was performed following pub-
lished protocols (15). UGT1A protein was detected using a human
anti-UGT1A antiserum of a patient with chronic hepatitis D (liver/
kidney microsomal autoantibody type 3 (LKM-3)-positive serum) di-
luted 1:1000. This autoimmune serum has been characterized to spe-
cifically recognize UGT1A protein (14). Visualization was achieved with
an alkaline phosphatase-conjugated goat anti-human IgG diluted
1:1000.

Rabbit Anti-UGT1A Antiserum

Eight copies of the peptide SSLHKDRPVEPLDLA were synthesized
on a branched lysine multiple antigen peptide core (Research Genetics
Inc., Huntsville, AL). This 15-mer sequence is located between amino
acids 441 and 455 on exon 5 of the constant carboxyl-terminal portion of
the UGT1A7 sequence and is common to all UGT1A proteins. Animals
were injected subcutaneously into dorsal sites with 0.5 mg of peptide on
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day 1, 14, 42, and 56, and serum was collected after day 70. Antibody
production was monitored by enzyme-linked immunosorbent assay
with 1 mg of peptide used as a solid phase per well. Titers at 70 days
exceeded 1:204,800. Western blot analysis of recombinant baculovirus
generated UGT1A1, UGT1A7, UGT1A8, and UGT1A10 protein was
performed using a 1:1500 dilution of rabbit anti-UGT1A immunoglob-
ulin as first antibody and a goat anti-rabbit alkaline phosphatase con-
jugated IgG diluted 1:4500 as the visualization antibody.

Cloning and Characterization of Human Colonic UGT1A8
cDNA was synthesized from 3 mg of total colonic RNA as described

above. For amplification of the entire UGT1A8 open reading frame, two
primers were generated by automated phosphoamidite chemistry
(UCSD Cancer Center Oligonucleotide Core Facility). Primer 1,59-tcgg-
gatccagttctctcatg(start)gctcgcac-39, was designed to incorporate a
BamHI restriction site upstream of the ATG start codon, and primer 2,
59-cacaagcttctca(stop)atgggtcttggatttgtgg-39, was designed to introduce
a HindIII restriction site downstream of the inherent TGA-stop codon to
facilitate directional cloning of the product. In a reaction volume of 100
ml of 20 mM Tris-HCl, pH 8.4, 50 mM KCl, 2.75 mM MgCl2, 0.1% Triton
X-100, 0.3 mM each dNTP, 1 mM of each primer, and containing 5 units
of Taq DNA polymerase (Promega, Madison, WI) cycling was carried
out at 94 °C (60 s), 58 °C (60 s), and 72 °C (80 s) for 35 cycles. The
protocol was preceded by an incubation of 5 min at 94 °C and followed
by an extended elongation time of 7 min at 72 °C. The amplified product
of approximately 1600 bp was digested with BamHI and HindIII (New
England Biolabs), gel-purified (Quiagen, Hilden, Germany), and in-
serted into pBluescript KS1 (Stratagene, La Jolla, CA). The sequence of
1593 bp was determined by dideoxy sequencing (Life Sciences, Cleve-
land, OH) on both strands using internal oligonucleotide primers.

Expression of Recombinant UGT1A7, UGT1A8,
and UGT1A10 Protein in Baculovirus

The entire open reading frame of the previously described UGT1A7
and UGT1A10 cDNAs (19) and the colon-derived UGT1A8 cDNA were
inserted into a pBluebac 4 (Invitrogen, San Diego, CA) baculovirus
transfer vector and transfected into log phase insect cells (Sf9) which
were cultured in monolayers as described previously (15, 22). UGT1A7,
UGT1A8, and UGT1A10 recombinant virus stock with a titer of 1–2 3
108 plaque-forming units/ml was generated and subsequently used to
infect log phase Sf9 cell monolayers at a multiplicity of infection of 10
together with previously reported UGT1A1 recombinant virus as a
control (15). Cells were collected at 60 h postinfection and lysed with a
Potter-Elvehjem tissue grinder in buffer containing 50 mM Tris-HCl, pH
7.4, 10 mM MgCl2. Recombinant UGT cell lysates were stored at 270 °C
until analysis. UGT1A7, UGT1A8, and UGT1A10 were additionally
cloned into pcDNA3.1 (Invitrogen) and pSVL (Pharmacia Biotech Inc.)
vectors and expressed in COS-1 cell cultures following published pro-
tocols (23).

Catalytic Activity Assay of Human Extrahepatic
UGT1A7, UGT1A8, and UGT1A10

Glucuronidation substrates (all 46 tested substrates are listed in
Tables I and II) were solubilized in methanol with the exception of
7-hydroxybenzo(a)pyrene, which was resuspended in acetone (7-hy-
droxybenzo(a)pyrene, and 8-hydroxybenzo(a)pyrene were obtained
from the National Cancer Institute Chemical Carcinogen Repository,
Midwest Research Institute, Kansas City, MO, all other substrates
were from Sigma-Aldrich, St. Louis, MO). Catalytic activities of 100 mg
of Sf9 cell or COS-1 cell lysate containing recombinant UGT1A7,
UGT1A8, or UGT1A10 were assayed in duplicate in the presence of 0.1
mM UDP-glucuronic acid, 0.08 mg/ml phosphatidylcholine, 0.04 mCi of
14C-labeled glucuronic acid, 100 mM test substrate in 50 mM Tris-HCl
pH 7.6, and 10 mM MgCl2 for 60 min at 37 °C. Protein was subsequently
precipitated by the addition of ethanol followed by centrifugation. Ly-
ophilized supernatants were resuspended in 50 ml of methanol and
separated by thin layer liquid chromatography in n-butanol/acetone/
acidic acid/water (35:35:20:20%). 14C-Labeled glucuronides were de-
tected by autoradiography. Glucuronide bands were then removed from
the TLC plates, counts were determined, and specific catalytic activities
were calculated in picomoles of glucuronide formed/mg of protein/min.

RESULTS

UGT1A Expression in Human Hepatic and Extrahepatic
Gastrointestinal Epithelium—All human UGT1A gene tran-
scripts display a unique 59 terminus characteristic of each of
the individual transferase and a common 39 portion encoded by
exons 2–5. The 39 region is identical in all members encoded by

the UGT1A locus and can therefore be exploited to analyze
overall UGT1A expression (Fig. 1). DRT-PCR amplifying a
487-bp fragment of the UGT1A constant region was used to
analyze the presence of UGT1A mRNAs and their relative
levels in a panel of 16 normal human liver RNAs in comparison
to gastric (n 5 13), biliary (n 5 4), and colonic (n 5 5) epithelial
tissue. UGT1A expression was detected in all samples studied.
Quantification of DRT-PCR products by laser densitometry,
however, revealed significant differences of steady state levels
between hepatic and extrahepatic tissues. The highest level of
UGT1A expression was detected in hepatocellular tissue,
which was significantly higher than in biliary (p 5 0.001),
gastric (p 5 0.00001), or colonic (p 5 0.0009) epithelium. The
comparisons of UGT1A expression between biliary and gastric
(p 5 0.3), biliary and colonic (p 5 0.1), and gastric and colonic
tissue (p 5 0.6) were not significant.

Hepatic and Extrahepatic UGT1A Protein Expression Is Het-
erogeneous—UGT1A expression in endoplasmic reticulum pre-
pared from human hepatocellular, biliary, gastric, and colonic
tissue was analyzed by Western blot. Monospecific immuno-
globulin capable of detecting the individual UGT1A proteins is
not available. However, to analyze total hepatic and extrahe-
patic UGT1A protein expression, a human LKM-3 anti-UGT1A
autoimmune antibody was employed with epitope identity di-
rected specifically against UGT1A proteins (14, 15). Human
liver UGT1A expression as detected by anti-UGT1A immuno-
globulin Western blot analysis displayed a distinctly different
pattern when compared with the other three extrahepatic mi-
crosomal preparations (Fig. 2). In hepatic microsomes, several
UGT1A subspecies were detected around the typical molecular
weight of 55 kDa. In gastric, biliary, and colonic epithelial
microsomes, the pattern was more uniform and clearly differ-
ent from that found in liver. This indicates the presence of
different UGT1A proteins expressed in liver and confirms a
qualitative and tissue-specific differential expression of the
human UGT1A locus. However, defining the specificity of the
UGT1A expression with antibodies is difficult since little dif-
ference in the resolution of the different proteins was apparent
from Western blot analysis. In the absence of specific UGT1A
immunoglobulin to detect the individual proteins, experiments
were designed to characterize specific UGT1A gene expression
at the mRNA level.

Tissue-specific Expression of the UGT1A Locus in the Human
Gastrointestinal Tract Identifies a Novel Transcript Localized
to Colonic Epithelium—Analysis of UGT1A gene expression
was performed at the mRNA level employing UGT1A exon
1-specific DRT-PCR. As reported previously, human hepatic,
gastric, and biliary tissues are characterized by a unique and
tissue-specific differential expression of the UGT1A locus,
which is demonstrated in Fig. 3, as previously reported (19). In
contrast to hepatocellular epithelium, both gastric and biliary
epithelium express UGT1A10, while gastric epithelium also
expresses UGT1A7. Within these three tissues UGT1A9 ex-
pression was found exclusively in the liver. In human colon,
however, a unique expression pattern was identified, which is
characterized by the combined expression of UGT1A9 and
UGT1A10 in addition to the unique expression of UGT1A8. In
contrast to gastric tissue, UGT1A7 transcripts were not de-
tected in colon. Interestingly, the expression of UGT1A10 is
localized to extrahepatic tissues but is found to be absent in
liver. These data demonstrate precise tissue-specific expression
of genes encoding the UGT1A7–1A10 cluster of transferases,
and show that the UGT1A locus is expressed in the human
extrahepatic gastrointestinal tract. In addition, the identifica-
tion of UGT1A8 represents the first example of expression of
this gene in any human tissue.
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Characterization of Colonic UGT1A8—UGT1A8 was cloned
from colon tissue RNA and characterized by DNA sequence
analysis. The UGT1A8 cDNA displayed an open reading frame
of 1593 bp and encoded a protein of 530 amino acids, with a
carboxyl-terminal portion of 246 amino acids that was identical

to exons 2–5 of the other UGT1A cDNAs (Fig. 4). Divergence in
amino acid sequence with other UGT1A proteins are located
within the amino-terminal 284 residues, corresponding to the
variable first exon. The UGT1A7–1A10 proteins display a high
degree of similarity. UGT1A8 shares 93.8% identity with
UGT1A7, 93.7% with UGT1A9, and 90.2% with UGT1A10. The
reduced level of similarity between UGT1A8 and UGT1A10 is
largely due to the classical signal peptide sequence located at
the 59 end of all known UGTs which is lacking in UGT1A10 (19,
24). Alignment of UGT1A7–1A10 (Table I) demonstrates that
the extrahepatic UGT1A7 and UGT1A8 are closely related and
that divergence is greater with UGT1A9 and UGT1A10 (Fig. 5).

Catalytic Activities of Extrahepatic UGT1A7, UGT1A8, and
UGT1A10—Western blot analysis of expressed protein in Sf9
cells demonstrated the generation of recombinant UGT1A7,
UGT1A8, and UGT1A10 protein were at comparable levels
(Fig. 6). Previously reported recombinant human UGT1A1 and
liver microsomal protein served as positive controls for the
identification of UGT1A protein. All three UGT1A proteins
displayed striking differences of catalytic activities. UGT1A7
was capable of forming glucuronides with a large number of
planar (e.g. 4-nitrophenol) and complex (e.g. 4-tert-butylphenol,
propylgallate) phenols in addition to substrates with coumarin,
flavone, anthraquinone, steroid hormone, and naphthol struc-
tures, and with hydroxylated benzo(a)pyrenes (Fig. 7 and Ta-
bles II and III). In contrast, UGT1A10 protein, while also
glucuronidating planar and phenolic substrates, displayed
specificity for steroid hormone substrates such as estrone, an-
drosterone, b-estradiol, and 4-hydroxyestrone. These data rep-

FIG. 1. Total UGT1A expression an-
alyzed by quantitative DRT-PCR. A
487-bp fragment of the constant carboxyl
terminus which encodes exons 2–4 was
amplified by DRT-PCR. The top panel is a
schematic of a UGT1A transcript and in-
dicates the location of the amplified frag-
ment. Co-amplification of the 487-bp
UGT1A and 202-bp human b-actin PCR
products separated in a 2% agarose gel
stained with ethidium bromide is demon-
strated using hepatic, gastric, biliary, and
colonic cDNA. One mg of HaeIII-digested
fX174RF DNA was included in the first
lane as a standard. The bottom panel
summarizes the relative levels of total
UGT1A expression in 16 hepatic, 13 gas-
tric, 4 biliary, and 5 colonic tissue sam-
ples. The asterisk (*) indicates statisti-
cally significant comparisons (p , 0.05) to
hepatic expression using the Student’s t
test.

FIG. 2. Western blot analysis of differences between hepatic
and extrahepatic microsomal UGT1A protein. Microsomal protein
prepared from human liver, gastric, biliary, and colonic tissue were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophos-
phoresis and blotted onto a nitrocellulose membrane. Also included was
a sample of Sf9 cell microsomes prepared from cells that express re-
combinant UGT1A1 (rec. UGT1A1). Immunodetection of the UGTs was
accomplished with a human anti-UGT1A LKM-3 autoimmune serum as
described under “Materials and Methods.”
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resent the first report of specificity for phenolic substrates
(UGT1A7 and UGT1A10) and steroid hormones (UGT1A10) for
these extrahepatic UGT1A proteins. The capability of UGT1A7
to glucuronidate complex phenols such as 4-tert-butylphenol in
addition to planar phenols and flavones is similar to the pro-
files already reported for UGT1A9 (25). Despite its high degree
of sequence similarity to UGT1A7, UGT1A8 displays none of
the activities documented here for UGT1A7 or for UGT1A10.
These results were confirmed by the additional expression of
UGT1A7, UGT1A8, and UGT1A10 in COS-1 cells and subse-
quent catalytic activity assays. In both Sf9 cell and COS-1 cell
systems UGT1A7 and UGT1A10 conjugated the same panel of
substrates, but UGT1A8 protein was not capable of glucu-
ronidating any of the substrates in this series (not shown).

DISCUSSION

Glucuronidation plays a central role in the metabolism of
endobiotic and exobiotic compounds. In humans, UGTs have
evolved into a superfamily of proteins that have been identified
as the UGT1 and UGT2 families based upon sequence similar-
ities (26). The UGT1A gene locus is linked to a number of
human disorders that emphasize the physiological importance
of these proteins. In Crigler-Najjar type I disease the low or
absent activity of functional UGT1A1 impairs the human
body’s only effective means of detoxifying and eliminating bil-
irubin (11–13). This fatal metabolic error consequently leads to
hyperbilirubinemia and kernicterus (10). Other than in this
example, most proteins encoded by the human UGT1A locus
are characterized by a broad overlap of substrate specificities
(3, 4, 8, 25). The high degree of sequence similarity and the

unavailability of diagnostic substrates for all UGT1A proteins
has limited the characterization and identification of addi-
tional members of the UGT1A family.

This study compares UGT1A regulation in the liver and
three extrahepatic tissues. Gastric and colonic epithelium rep-
resent the two physiologically most important extrahepatic
tissues of the gastrointestinal tract. They are both external
surface tissues with extensive contact to ingested exobiotic
compounds, are metabolically active, and are characterized as
leading locations for chemically induced tumorigenesis. In drug
therapy, gastric and colonic mucosa are frequently the first site
of contact, and their cellular metabolic capacities may have a
profound impact on drug efficacy and absorption. The anatomy
of the gastrointestinal tract suggests that gastrointestinal tis-
sues would be required to exert a refined control of detoxifying
and drug metabolizing enzymes, and that this control may be
specific from organ to organ, and from the proximal to the
distal portions of the digestive tract.

Western blot analysis demonstrated the expression of
UGT1A protein in liver, stomach, biliary epithelium, and colon.
Analysis of total UGT1A expression by quantitative DRT-PCR
provided evidence for a higher level of UGT1A mRNA in liver
than in three extrahepatic digestive tract tissues. In addition,
UGT1A mRNA levels between gastric, biliary, and colonic ep-
ithelial samples did not differ significantly. These data indicate
a quantitative differential expression of the human UGT1A
locus between hepatic and the other extrahepatic tissues. In-
terestingly, human colon appeared to have levels of UGT1A
comparable to stomach and biliary epithelium. This implicates

FIG. 3. Differential regulation of the UGT1A locus in the human gastrointestinal tract (schematic). Products of exon 1-specific
DRT-PCR specifically detecting transcripts of all known UGT1A isoforms were separated in 2% agarose and stained with ethidium bromide. The
left panel and the top two panels on the right demonstrate the differential regulation of the UGT1A locus in hepatic, gastric, and biliary epithelium.
The lower panel on the left shows the specific UGT1A regulation found in colonic epithelium. Colon tissue is characterized by the expression of
UGT1A10, which is found in all other extrahepatic tissues (three panels on the right), but not in liver (left panel). In addition, colonic tissue
is characterized by the unique expression of UGT1A8, a transcript that is not found in other extrahepatic tissues. UGT1A1, UGT1A3, UGT1A4,
UGT1A6, and UGT1A9 are transcribed both in hepatic and colonic tissue. Note that the expression of UGT1A7 is unique to gastric tissue (middle
panel on the right). Standard, HaeIII-digested fX174RF DNA.
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the colon as an active organ of extrahepatic glucuronidation.
Recently, UGT1A7 and UGT1A10 transcripts have been

identified in gastric and biliary tissues (19). This has conclu-

sively demonstrated a qualitative difference of UGT1A expres-
sion in extrahepatic and hepatic tissues, but also between
different extrahepatic tissues. To examine UGT1A expression
differences at the protein level, tissue microsomal protein was
analyzed by Western blot. Using a previously characterized
human anti-UGT1A antiserum (anti-LKM-3, positive) from a
patient with chronic hepatitis D virus infection (14), immuno-
detection identified different patterns of UGT1A protein in
hepatic versus extrahepatic microsomes. In liver microsomes, a

FIG. 4. Sequence alignment com-
paring the three extrahepatic UGT1A
proteins UGT1A7, UGT1A8, and
UGT1A10. All three proteins share a
common carboxyl terminus of 245 resi-
dues, which is encoded by the common
exons 2–5. The location of the proteins
that are encoded by exon 1 are marked by
the arrow. All differences between the
proteins reside within the 285 amino-ter-
minal residues. The complete sequence of
the colonic UGT1A8 is listed while only
differences in UGT1A7 and UGT1A10 are
shown. The shaded box indicates the pre-
dicted signal sequence portion calculated
by the method of von Heijne (24). Both
UGT1A7 and UGT1A8 display a leader
sequence typical of a classical signal pep-
tide and is shown in the shaded area. The
similar region of UGT1A10 does not rep-
resent a consensus signal peptide. (The
novel UGT1A8 sequence has been submit-
ted to GenBankTM as accession no.
AF030310.)

TABLE I
Similarity of the UGT1A7, UGT1A8,

UGT1A8, and UGT1A10 proteins
Listed are the number of identical amino acids between the compared

UGT1A proteins (19, 17). Similarity decreases from UGT1A7 to
UGT1A10 (compare Fig. 5).

UGT1A7 UGT1A8 UGT1A9 UGT1A10

UGT1A7 497 487 477
UGT1A8 497 491 479
UGT1A9 487 491 466
UGT1A10 477 479 466

FIG. 5. Dendrogram of the cluster of UGT1A7, UGT1A8,
UGT1A9, and UGT1A10. The alignments were conducted with the full
protein sequences. All four UGTs are regulated in extrahepatic tissue
and share an overall similarity of 85.2%. UGT1A7 and UGT1A8, both of
which are uniquely expressed in gastric and colonic epithelium, respec-
tively, are most closely related. Divergence increases toward UGT1A9
and UGT1A10 and may be indicative of the evolutionary development of
these proteins. (Compare Table I.)

FIG. 6. Western blot of baculovirus expressed extrahepatic
UGT1A7, UGT1A8 and UGT1A10. Twenty-five mg of total Sf9 cellular
homogenate expressing UGT1A7, UGT1A8, and UGT1A10 were loaded
as indicated. Included in the Western blot are a sample of human liver
microsomes (10 mg) and Sf9 cell microsomes (15 mg) from cells express-
ing the human UGT1A1 protein (15). Immunodetection of the expressed
UGT proteins was accomplished with a rabbit anti-UGT1A antiserum,
as outlined under “Materials and Methods.”
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unique banding of proteins was observed, contrasting the more
uniform banding pattern observed in gastric, biliary, and co-
lonic microsomes. Interestingly, Western blot analysis identi-
fies proteins and displays a banding pattern quite different
from that of UGT1A expression in extrahepatic tissue. Since we

are capable of identifying expression of the UGT1A locus in
liver and colon, it is quite possible that the lower migrating
protein in liver (Fig. 2) is a unique UGT that has not been
identified.

Colon tissue displayed a unique expression of the UGT1A
locus that differed from the other three studied tissues. The
colon samples were found to express UGT1A1, UGT1A3,
UGT1A4, UGT1A6, and UGT1A9, all of which were present in
liver. In addition, colon was characterized by the presence of
UGT1A10, which is expressed in all extrahepatic digestive
tract tissues (19). Interestingly, colon is unique in the expres-
sion of UGT1A8. The expression of seven individual UGT1A
genes in colon is the most diverse expression pattern of the
UGT1A locus so far identified in the human gastrointestinal
tract. It exceeds the expression of the four isoforms in gastric,
five in biliary, and five in hepatic epithelium. This finding
suggests that, although UGT1A expression is more abundant
in liver, the greater diversity in UGT1A locus expression in
human colon may reflect glucuronidation and drug-metaboliz-
ing requirements necessary at the distal end of the gastroin-
testinal tract. The long exposure time of colon mucosa to in-
traluminal compounds, fermentation products of the
indigenous flora, and the collection of substances that have
escaped detoxification in the proximal digestive system may
have led to the requirement to express these individual UGT1A
proteins. On the other hand, a unique tissue specificity is
maintained through the expression of UGT1A8. In the panel of
tissues analyzed, UGT1A7 and UGT1A8 appear to be tran-
scripts that are highly tissue-specific, while UGT1A10 is a
transcript that discriminates hepatic versus nonhepatic
epithelium.

The colon-derived UGT1A8 cDNA of 1593 bp was isolated
and found to be structurally similar to other UGT1A tran-
scripts. Protein sequence alignments with UGT1A7 and
UGT1A10 show that all differences are located within the first
284 amino acids, a region that corresponds to the divergent
exon 1 found in other UGT1A transcripts. The carboxyl-termi-
nal 246 amino acids are identical in all three sequences and
correspond to the constant exons 2–5 (2). To provide evidence
for a physiological relevance of these extrahepatic UGT pro-
teins, UGT1A7, UGT1A8, and UGT1A10 were expressed in
baculovirus and their catalytic activities characterized. While
the UGT1A7–1A10 genes share approximately 90% sequence
similarity, their catalytic specificities were found to be remark-

FIG. 7. Autoradiography showing 14C- labeled glucuronides
synthesized using UGT1A7 and UGT1A8 protein expressed in
Sf9 cells. For these assays, 100 mg of total cellular protein were used,
as outlined under “Materials and Methods.” Shown is the thin layer
liquid chromatography profile of the glucuronides. Recombinant
UGT1A7 catalyzed the glucuronidation of all shown substrates, while
UGT1A8 was not catalytically active toward any of the tested sub-
strates despite a sequence similarity with UGT1A7 of 93.8%. Arrow,
direction of thin layer liquid chromatography.

TABLE II
Differential catalytic activities of gastric-expressed UGT1A7,

colon-expressed UGT1A8, and extrahepatic UGT1A10
One hundred mg of baculovirus expressed UGT1A7, UGT1A8, and

UGT1A10 were used in each assay with substrate concentrations at 100
mM. 14C-Labeled glucuronides separated by thin layer liquid chroma-
tography were visualized on x-ray film and glucuronide bands were
removed for liquid scintillation counting. Specific activity rates were
calculated from duplicate experiments in pmol of glucuronide
formed/mg of protein/min. Expression of UGT1A7, UGT1A8, and
UGT1A10 in COS-1 cells confirmed the expression pattern demon-
strated in the table (not shown).

Substrate UGT1A7 UGT1A8 UGT1A10

100 mM pmol/mg/min

Phenolic structures
4-Nitrophenol 28.1 NDa 10.2
2-Hydroxybiphenyl 12.4 ND 3.8
4-Hydroxybiphenyl 14.6 ND 49.3
4-Isopropylphenol 41.0 ND 18.4
4-tert-Butylphenol 123.7 ND 4.4
Propyl gallate 119.4 ND 45.1
Octyl gallate 175.2 ND 33.3
Vanillin 94.9 ND 87.6

Anthraquinone and flavone structures
1,8-Dihydroxyanthraquinone 17.2 ND 6.3
7-Hydroxyflavone 57.2 ND 34.9

Coumarin structures
4-Hydroxycoumarin 4.1 ND 4.3
4-Methylumbelliferone 219.5 ND 10.2

Naphthol structures
1-Naphthol 15.5 ND 59.9
2-Naphthol 33.2 ND 10.3

Carcinogens
7-Hydroxybenzo(a)pyrene 42.7 ND 14.4
8-Hydroxybenzo(a)pyrene 3.5 ND 3.2

Steroid hormone structures
Estriol 6.3 ND 18.2
2-Hydroxyestradiol 1.5 ND 9.5
Androsterone ND ND 4.2
b-Estradiol ND ND 47.9
4-hydroxyestrone ND ND 15.1
Estrone ND ND 10.7
a ND, not detected.

TABLE III
Substrates not glucuronidated by UGT1A7, UGT1A8, or UGT1A10

1,2-Benzanthracene
1,2-Dihydroxy-diphenylamine
17a-Hydroxyprogesterone
2-Aminophenol
2-Hydroxyestriol
2-Hydroxytyramine
4-Acetamidophenol
4-Aminobiphenyl
6-Hydroxymelatonin
a-Naphtholflavone
a-Naphthylamine
All-trans-retinoic acid
Amitryptillin
b-Naphtholflavone
cis-Retinoic acid
Desipramine
Diphenhydramine
DL-Tryptophan
Hydroquinone
Hyodeoxycholic acid
Ibuprofen
Imipramine
p-Hydroxybenzoic acid
Testosterone
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ably divergent. From the panel of 46 substrates used, UGT1A7
is capable of glucuronidating a wide variety of phenolic com-
pounds and flavones, anthraquinones, coumarins, and carcin-
ogens. In addition, UGT1A10 was found to be an active protein
despite its characteristic absence of a classical signal peptide
sequence. Contrasting the activity profile of UGT1A7 however,
UGT1A10 catalyzes the glucuronidation of a number of steroid
hormones in addition to planar and complex phenolics. This
finding represents only the second example of human estrone
UGT activity (6). UGT1A8, however, did not catalyze the glu-
curonidation of the series of substrates tested. These findings
indicate a very different activity profile for UGT1A8, which
may be considerably focused and specialized. This appears to
be supported by its coexpression in colon with UGT1A9.
UGT1A9 has been previously characterized to glucuronidate a
broad variety of phenolic substrates, flavones, and anthraqui-
nones, including those found in this study for UGT1A7 (25)
(Tables II and III and Fig. 7). This would indicate that UGT1A7
may fulfill similar glucuronidation requirements as hepatic
UGT1A9. UGT1A9, however, is absent in human gastric epi-
thelium, where UGT1A7 may be the predominant UGT pro-
tein. Regulation of UGT1A7 and UGT1A10 in gastric epithe-
lium, and UGT1A8, UGT1A9, and UGT1A10 in colonic
epithelium possibly demonstrates gene control designed to lead
to a specialized, tissue-specific profile of physiological glucu-
ronidation. Further analysis will be required to characterize
the full range of substrates for these proteins, in particular
UGT1A8, and to elucidate their specific contribution to tissue-
specific, extrahepatic glucuronidation.

In summary, this study documents the differential expres-
sion of the human UGT1A locus in hepatic and extrahepatic
tissues of the gastrointestinal tract. A unique and diverse pat-
tern of UGT1A regulation is identified in human colon leading
to the discovery of a novel extrahepatic UGT1A8 protein. The
tissue-specific regulation of UGT1A7 in gastric and UGT1A8 in
colonic epithelium together with the identification of all tran-
scripts of the related UGT1A7–1A10 gene cluster in the gas-
trointestinal tract conclusively demonstrates a highly specific
differential regulation of extrahepatic UGT1A expression.
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